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We then examined the relationship between Pho84 and TORC1. To test whether 1 3 7 rapamycin hypersensitivity is due to decreased TORC1 kinase activity in the pho84-/-1 3 8 mutant, we monitored the phosphorylation state of ribosomal protein S6 (P-S6), which 1 3 9
we previously showed is controlled by TORC1 signaling (9). Null mutants in PHO84 had 1 4 0 a weaker P-S6 signal than wild type during Pi refeeding at every Pi concentration of the 1 4 1 media, though they responded to increasing Pi concentrations with an increasing P-S6 1 4 2 signal (Fig. 1C ). Pho84 therefore is required for normal anabolic TORC1 signaling, and 1 4 3 TORC1 activity responds to ambient Pi availability. is an unspecific effect of decreased upstream TORC1 signaling, mutants in another 1 7 2 small TORC1-activating GTPase, RHB1, were tested. The rhb1 mutants responded to 1 7 3
Pi refeeding like the wild type ( Fig. 2B ), suggesting that a Pi signal to TORC1 is 1 7 4 transmitted specifically through Gtr1. If Gtr1 acts downstream of Pho84 in activating TORC1, its overexpression may 1 7 7 suppress pho84-/-phenotypes. GTR1 was overexpressed from the ACT1 promoter in 1 7 8 wild type and pho84-/-C. albicans cells. Compared with rapamycin hypersensitive 1 7 9 pho84-/-cells transformed with the empty vector, the resulting pho84-/-pACT1-GTR1 1 8 0 cells showed wild type tolerance to rapamycin, suggesting recovery of their TORC1 1 8 1 signaling activity ( Fig. 2C, D) . To investigate this possibility TORC1 activity was tested 1 8 2 directly by comparing the P-S6 signal of pho84-/-cells transformed with the empty 1 8 3 vector with that of pho84-/-pACT1-GTR1 cells. Overexpression of GTR1 recovered 1 8 4
Rps6 phosphorylation in pho84-/-cells nearly to wild type levels ( Fig. 2E) . A GTR1 1 8 5 mutant encoding constitutively GTP-bound Gtr1 Q67L , homologous to S. cerevisiae 1 8 6 Gtr1 Q65L (12, 35, 36) , was then constructed and overexpressed from the ACT1 promoter.
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This GTR1-GTP allele suppressed the TORC1 signaling defect of pho84-/-cells 1 8 8 apparently equally to the overexpressed wild type GTR1 (Fig. 2D , E). Overexpression of 1 8 9 GTR1 or GTR1-GTP did not increase phosphorylation of S6 in wild type cells ( Fig. 2E ).
9 0
These findings are consistent with the model that in C. albicans, Gtr1 indirectly or 1 9 1 directly conveys a Pi signal to TORC1 and links Pho84 to TORC1 signaling. 1 9 2 1 9 3
We examined the relationship of Pho84 to TORC1 activity in the model yeast S. 1 9 4 cerevisiae. A pho84 null mutant in the S288C genetic background (37) was 1 9 5 hypersensitive to rapamycin ( Fig. S3A ) at an intermediate ambient Pi concentration 1 9 6 (1mM). Of note the rapamycin phenotype was highly responsive to the Pi concentration 1 9 7 of pregrowth media. Rapamycin tolerance was not decreased by loss of PHO84 in the 1 9 8
Σ1278b background (not shown). Rapamycin hypersensitivity was not suppressed, but availability, but also directs nutrient uptake e.g. by regulating expression of amino acid 2 0 7 and ammonium transporters, we questioned whether it may play a similar role in 2 0 8 phosphate acquisition. Given known discrepancies between rapamycin exposure and 2 0 9 physiological TOR modulation (38-41), we examined this potential connection 2 1 0 genetically. Repressible tetO was used to control expression of C. albicans TOR1 or of 2 1 1 starvation signal to dampen these responses ( Fig. S4A) . Similarly, overexpression of 2 2 5
Gtr1 and Gtr1-GTP blunted upregulation of secreted acid phosphatase in pho84-/-cells 2 2 6 ( Fig. S4B ), supporting the model that in response to Pi TORC1 signaling downregulates 2 2 7
the PHO regulon to integrate its activity with availability of other nutrients. TORC1 with rapamycin incurs too high a cost on host immune function to be clinically 2 3 5 useful (44). We tested whether blocking Pho84 with its known small-molecule inhibitors 2 3 6 phosphonoformic acid (foscarnet, Fos) and phosphonoacetic acid (PAA) (42), which we 2 3 7
showed inhibit C. albicans growth in dependence on the presence of their target Pho84 2 3 8 ( Fig. S5A, B ), can indirectly inhibit C. albicans TORC1. Exposure of wild type cells to 2 3 9
the FDA-approved antiviral foscarnet inhibited Rps6 phosphorylation (P-S6) in a dose-2 4 0 dependent manner ( Fig. 4A ), at Fos concentrations attained in human plasma during 2 4 1 antiviral therapy (45, 46) . In heterozygous cells (pho84-/+), whose haploisufficiency 2 4 2 phenotypes likely reflect decreased copies of the drug target, Pho84, P-S6 was 2 4 3 hypersensitive to Fos (Fig. 4A ). In cells lacking the target Pho84, exposure to Fos did 2 4 4 not further decrease the P-S6 signal (Fig. 4A ). Pho84 inhibition with small molecules 2 4 5 also recapitulated the hyphal growth defect seen in cells genetically depleted of PHO84 2 4 6 (Figs. 1D, 4B and S5C).
4 7 4 8
Potentiating existing antifungals is a promising strategy (47-49). Fos at concentrations 2 4 9
reached in plasma during antiviral therapy (45, 46) , and PAA, potentiate activity of the 2 5 0 antifungal amphotericin B, at concentrations of the latter far below those in serum or 2 5 1 tissue during standard dosing (50) (Fig. 4C, S5D ). Activity of the antifungal micafungin, 2 5 2 belonging to the distinct drug class of echinocandins, was also potentiated (Fig. 4D ).
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Because Pho84 is not conserved in mammals, inhibition of Pho84 offers a novel 2 5 4 approach to fungal-specific TORC1 inhibition ( Fig. 5 ) and to antifungal potentiation, as 2 5 5
shown in our proof-of-principle experiments with PAA and Fos. Our study shows that C. albicans TORC1 monitors not only nitrogen and carbon source- cells. If Gtr1 is activated by Pho84, this GTPase's role in the input to TORC1 regarding 2 8 3 the cell's Pi state appears to be specific (Fig. 2) , as there was no perturbation of TORC1 2 8 4 activation during Pi refeeding in rhb1-/-cells (Fig. 2B ). In S. cerevisiae, Pho84 signals to PKA as a transceptor (42, 57) . A signal from Pho84 to 2 8 7 TORC1 has not yet been described in S. cerevisiae. We found that in the genetic 2 8 8 background S288C loss of Pho84 leads to rapamycin hypersensitivity and TORC1 2 8 9 inactivation as it does in C. albicans (Fig. S3 ). Sch9 phosphorylation, like that of Rps6, 2 9 0 is known to correspond with the TORC1 activation state (36, 58). Overexpression of 2 9 1 constitutively active Gtr1 restores TORC1 activity in S. cerevisiae, as assayed by Sch9 2 9 2 and Rps6 phosphorylation (Fig. 3, S3B ). But in contrast to C. albicans, constitutively 2 9 3 active Gtr1 did not suppress rapamycin hypersensitivity of S. cerevisiae pho84 null cells, 2 9 4 indicating differences in the connections of PHO and TORC1 signaling between these 2 9 5 fungi. In S. cerevisiae, control of entry into quiescence (G0) by the Rim15 kinase is co-2 9 6 regulated by the PHO pathway cyclin/cyclin-dependent kinase module Pho80/Pho85, as 2 9 7 well as by TORC1 (59), suggesting multiple levels of cross-talk between phosphate-2 9 8 specific and global nutritional signaling pathways in that organism, which remain to be 2 9 9 explored in C. albicans. In S. cerevisiae, transcriptional regulation favoring Pi acquisition is achieved through the 3 0 9 transcription factor Pho4 (31). A C. albicans homolog of Pho4, required for stress 3 1 0 resistance (62, 63) and commensalism in a murine model (63), was recently shown to 3 1 1 control C. albicans PHO84 expression (62). How C. albicans Pho4 may be co-regulated 3 1 2 by TORC1 remains to be determined.
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While TORC1 monitors nutrient availability in mammals as in fungi, its relationship with 3 1 5 the PHO regulon may have diverged in these phyla. In fungi, H + -Pi symport is the major 3 1 6 form of Pi import, since the steep Pi concentration gradient at the plasma membrane 3 1 7 imposes a high energetic demand on transport, met by the electrochemical proton 3 1 8 gradient generated by the P-type H + ATPase (52). In animals, Na + -Pi pumps 3 1 9 predominate (64). Humans largely consume Pi together with amino acids in food 3 2 0 consisting of other eukaryotes and their products, so that Pi starvation tends to occur 3 2 1 during starvation for protein (65). In contrast, Pi and nitrogen sources must be acquired 3 2 2 independently by unicellular organisms, so the connection we discovered between the 3 2 3 fungal H + -Pi symporter and the TORC1 pathway appears physiologically plausible.
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We found that TORC1 is indirectly repressed during Pho84 inhibition with small 3 2 6 molecules (Fig. 4, S5) . Since TORC1 components are conserved between fungi and agent to obviate its often treatment-limiting toxicities (66). We used 2 of multiple Pho84 3 3 4 inhibitors previously characterized (42) (Fig. 4 and S5D) , and more specific, non-3 3 5 competitive inhibitors with more favorable therapeutic indices than Fos may be found 3 3 6 through screening efforts. Since Pho84 homologs are highly conserved among fungi, Strains and culture conditions. The C. albicans and S. cerevisiae strains, plasmids 3 4 3 and primers used are described in SI Tables 1-3. C. albicans strains were generated in 3 4 4 the SN genetic background using HIS1 and ARG4 markers (67), as well as the CaNAT1 3 4 5 selectable marker, as described in (20, 21) . Two independent heterozygotes were used 3 4 6 to derive homozygous null and reintegrant mutants of PHO84, as well as tetO-TOR1 3 4 7 mutants. Auxotrophies were complemented so that only prototrophic strains, or strains glucose and grown to saturation at room temperature, to minimize filamentous growth.
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Cells were replicated to YPD agar medium with vehicle (90% ethanol) or 20 ng/ml dishes. For growth assays including those during drug exposure, OD 600 readings were 3 6 6 obtained every 15 min in a plate reader and standard deviations were calculated and 3 6 7 graphed in Graphpad Prism. Growth during drug exposure was assayed in SC medium.
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Vehicle for Pho84 inhibitors PAA (Sigma, 284270) and Fos (Santa Cruz Biotechnology, 3 6 9 SC-253593A) was water and for amphotericin B (Sigma, A9528), DMSO.
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Western Blots. Cell harvesting, lysis and Western blotting were performed as 3 7 1 described in (9). Antibodies are listed in SI Table 1 . At least three biological replicates 3 7 2 were obtained. For densitometry, ImageJ (imagej.net/welcome) software (opensource) 3 7 3 was used to quantitate signals obtained on a KODAK Image Station 4000MM.
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Filamentous growth assay. Cells were revived from frozen stocks on solid YPD 3 7 5 overnight, washed and resuspended in 0.9% NaCl to OD 600 0.1. Variations between 3 7 6 single colonies and colony density effects were minimized by spotting 3 μl cell 3 7 7 suspension at 4 or 6 equidistant points, using a template, around the perimeter of an 3 7 8 agar medium plate, which then were incubated and imaged as in (20) 
